A thermodynamic potential as a function of the ferromagnetic, antiferromagnetic, and martensite order parameters is developed using existing experimental data. It successfully reproduces the single domain properties of Ni 45 Co 5 Mn 36.7 In 13.3 bulk crystal, including the Curie temperature, the transition temperature from ferromagnetic austenite phase to antiferromagnetic martensite phase as well as its response to an externally applied magnetic field, the saturated magnetization, the martensite strain, the entropy change, and the magnetic permeability. It can be applied to explore the stress-strain and magnetic field-strain behaviors and implemented in phase field simulations to study the ferromagnetic, antiferromagnetic, and martensite domain stability and evolution. There has been significant progress in refrigeration since the discovery of the magnetocaloric effect (MCE). 1 The idea of cooling via adiabatic demagnetization is proposed by Debye 2 and Giauque. 3 The discovery of giant MCE (GMCE) in Gd 5 Si 2 Ge 2 demonstrated that magnetic refrigeration is a promising and competitive cooling technology, 4 and thus, there have been increasing interests in search for new GMCE materials. The ferromagnetic shape-memory alloys are candidate GMCE materials since magnetic and structural transitions occur nearly simultaneously. Indeed, the Codoped Ni-Mn-In (Ni 45 Co 5 Mn 36.6 In 13.4 ) alloys were reported to show much more sensitive response of the transition temperature, from ferromagnetic austenite phase to antiferromagnetic martensite phase, to an external magnetic field than pure Ni-Mn-In alloys. 5 Several similar alloys such as Ni-CoMn-In, 6 Ni-Co-Mn-Sn, 7 Ni-Co-Mn-Sb, 8 Ni-Co-Mn-Ga, 9 and even their Cu-coped counterparts [10] [11] [12] have also been investigated for the magnetocaloric effect.
In addition to the experimental studies, first principle calculation 13 was performed to understand the phase stabilities of the shape memory alloy Ni 2 MnGa in which the ferromagnetic phase and martensite phase coexist. Based on the Landau phenomenological theory, 14, 15 the phase field model has been employed to understand the ferromagnetic domain structures, martensite domain structures, stress-strain behaviors, and magnetic field-strain behaviors. [16] [17] [18] [19] [20] Phase field model requires the thermodynamic potential as an input. However, for Ni-Co-Mn-In alloys, there is still no available thermodynamic potential with a complete set of coefficients although a thermodynamic free energy model has been proposed by Buchel'nikov et al. to analyze the phase stabilities qualitatively. 21 Therefore, to quantitatively analyze the effects of external fields on phase transition temperatures and various physical properties of Ni-Co-Mn-In alloys as well as to carry out phase-field simulations of domain evolution in these alloys under external fields require a thermodynamic potential with a complete set of coefficients. In this work, based on the existing experimental measurements for magnetic and structural properties for Ni 45 Co 5 Mn 36.6 In 13.4 alloys, we constructed a complete thermodynamic potential by fitting the coefficients to the experimental data.
It has been known from experiments that by decreasing the temperature from the Curie point, Ni 45 Co 5 Mn 36.6 In 13.4 bulk crystal undergoes a phase transition from the paramagnetic austenite phase to the ferromagnetic austenite phase at about 400 K, and a phase transition from ferromagnetic austenite phase to antiferromagnetic martensite phase at about 285 K. 5, 22 For a Ni 45 Co 5 Mn 36.6 In 13.4 single crystal, the total free energy can be written in the following form: 24 thus, c 2 and k 2 can be neglected because of the disappearance of shear strain during the phase transition. Table I shows all the coefficients obtained in this work. Due to the lack of enough experimental data, some of the needed coefficients are estimated in order to reproduce the experimentally observed phase transitions and physical properties.
Using the fitted potential, we calculated the magnetic and structural properties of Ni 45 Co 5 Mn 36.7 In 13.3 single crystal by minimizing the total free energy density in Eq. (1). Figure 1 shows the total magnetization variation with temperature under different magnitude of magnetic field. It can be seen from Figure 1 that under zero magnetic field Ni 45 Co 5 Mn 36.7 In 13.3 undergoes two magnetic phase transitions as temperature decreases, i.e., a first order phase transition from paramagnetic phase to ferromagnetic phase at 402 K and another first order phase transition from ferromagnetic phase to antiferromagnetic phase at 284 K, which agree well with existing experimental measurements (Table II) .
According to the thermodynamic potential, the phase transition from paramagnetic phase to ferromagnetic phase becomes second order under an applied magnetic field, while the phase transition from ferromagnetic phase to antiferromagnetic remains to be first order.
The transition temperature from ferromagnetic phase to antiferromagnetic phase decreases markedly with increasing applied magnetic field at a ratio of À4 K=T when the applied magnetic field is smaller than 4 T. Comparable values, À4:2 K=T and À9 K=T, were obtained in experimentas 5, 25 ( Table II) . These values are significantly larger than that of classical Ni-Mn-Ga alloys. Figure 2 shows the variation of strain components with temperature under different magnitude of magnetic field. A structural phase transition from austenite phase (cubic symmetry) to martensite phase (tetragonal symmetry) takes place as temperature is lowered and the transition temperature decreases with magnetic field increasing. In our model, the antiferromagnetic phase and martensite structure co-exist below the transition temperature under a stress-free boundary condition. The coexistence of antiferromagnetic and martensite phases arises from the magnetostrictive interactions described by the c i and k i terms in Eq. (1).
According to our calculations, the tetragonality c=a of Ni 45 Co 5 Mn 36.7 In 13.3 single crystal at 0 K is about 1.15, by comparison with a value of 1.30 from first principle calculation for Ni 8 Mn 6 In 2 single crystal 24 (Table II) . Additionally, from both the magnetization and strain changes at the transition temperature, we can see that the the martensite phase transition remains to be first order even though at nonzero applied magnetic field. The relative magnetic stiffness is deduced from the second-order derivatives of the free energy function with respect to the magnetization, i.e., v ij ¼ l 0
, and the relative magnetic permeability can be obtained by making a coordinate transformation. By using the same coordinate transformation in previous work on BaTiO 3 system, 23 we calculated the relative magnetic permeability variation with temperature under an applied magnetic field 1 T along [001] direction, as shown in Figure 3 . It can be seen from the calculation that the permeability along the magnetic field is weaker than perpendicular to the magnetic field. We converted some results of Ito et al.'s work in order to make comparison with our calculated result, 22 as shown in Figure 3 , and we can see that our calculated result is a slightly smaller than the experimental result.
Ni 45 Co 5 Mn 36.7 In 13.3 alloys exhibit excellent magnetocaloric effect as a result of the abrupt change in the magnetization through the martensite phase transition which can induce large entropy change. According to classical thermodynamics, the entropy change DSðT; HÞ can be indirectly determined by using the following formula: temperature from ferromagnetic austenite phase to antiferromagnetic martensite phase and its response to the external magnetic field, saturated magnetization, tetragonality c=a, entropy change, and magnetic permeability. The quantitative depiction of the thermodynamic free energy using the fitted coefficients embedded in the phase field mode provides a way to predict the magnetic and structural properties of Ni 45 Co 5 Mn 36.7 In 13.3 alloys.
